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A theoretical study revealed a new reaction pathway, in which a fused five and six-membered ring 
complex on the zigzag edge of a graphene layer isomerizes to reverse its orientation, or “flips,” 
after activation by a gaseous hydrogen atom. The process is initiated by hydrogen addition to or 
abstraction from the surface complex. The elementary steps of the migration pathway were 
analyzed using density-functional theory (DFT) calculations to examine the region of the potential 
energy surface associated with the pathway. The DFT calculations were performed on substrates 
modeled by the zigzag edges of tetracene and pentacene. Rate constants for the flip reaction were 
obtained by the solution of energy master equation utilizing the DFT energies, frequencies, and 
geometries. The results indicate that this reaction pathway is competitive with other pathways 
important to the edge evolution of aromatic species in high temperature environments. 
1. Introduction 
Soot production as a by-product of hydrocarbon combustion remains an important engineering 
problem. Surface growth of soot particles is a critical part of modeling soot producing systems, 
as most of the soot mass is acquired via gas-surface reactions. Our goal is to gain fundamental 
understanding of evolution of soot particles, including their atomistic structures and surfaces. In 
recent studies [ 11, a new phenomenon was discovered-migration of five-membered rings along 
the zigzag edge of the evolving graphene layer. This phenomenon of migration alters 
significantly the framework for surface chemistry of graphene layer, and introduces a large 
number of possible elementary reaction steps that could take place on an evolving surface. One 
such example is the “collision” of migrating rings examined in our prior study [2], which results 
in the following transformation 
Reaction rates of this pathway were found to be comparable to those of the migration reaction, 
while the latter was reported to be one of the fastest reaction steps in zigzag-edge graphene 
chemistry [ 11. 
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In considering the fate of the product of reaction 
orientation, or “flipping”, of the surface complex 
(l) ,  we identified a new reaction pathway, re- 
& 
/ / / /  
The flip rearrangement is initiated by hydrogen-atom addition, 
, 
or hydrogen-atom abstraction, 
, (4) 
from the initial surface molecule. Here we present results of a quantitative study of these two 
reaction channels. 
2. Computational Methods 
Density functional theory (DFT) was used to calculate the molecular and energetic parameters of 
all stable species and transition states involved in the ring flip reaction sequences. The substrates 
for the calculations were modeled by the zigzag edges of tetracene and pentacene. Geometry 
optimizations were performed with the B 3 L W  hybrid functional [3] and the 6-3 1 lG(d,p) basis 
set. Previous studies have shown energetic predictions of B 3 L W  calculations at the 6- 
3 1 lG(d,p) level to be in good agreement with experimental and high-level ab initio results for 
stable species [4-61. The energies of transition states predicted by this method, however, are 
often underestimated by about 5 kcal mol-’ [7,8]. This shortcoming lessens the accuracy of rate 
constants derived from the calculated energetics yet allows for an order-of-magnitude analysis. 
Force calculations were performed at each predicted stationary point to confirm the point to be 
an energetic minimum (no imaginary frequencies) or a saddle point (one imaginary frequency). 
Transition states were confirmed to connect the reactant and product stable species by visual 
inspection of normal modes corresponding to the imaginary frequencies calculated at the 
B3LW/6-3 1 lG(d,p) level. Zero point energies were determined from the force calculations and 
scaled by a factor of 0.9668 [9]. All calculations were performed using the Gaussian 03 suite of 
codes [ 101 on an Intel Xeon cluster. 
Chemical activation rate constants for the addition reaction pathway and transition-state-theory 
rate constants for the abstraction pathway were determined using version 2.06 of the MultiWell 
suite of codes [11,12]. MultiWell employs a stochastic approach to solution of the master 
equations for energy transfer in unimolecular reaction systems [ 1 1,131. Microcanonical rate 
constants for the elementary reactions of these models were calculated with MultiWell at the 
RRJSM level of theory. 
The key inputs to MultiWell-reaction barriers, frequencies, and moments of inertia-were 
assigned from the DFT calculations at the B3LW/6-311G(d,p) level of the present study. 
Following Gilbert and Smith [14] the real frequencies below 150 cm-’ were examined by 
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graphically visualizing the associated normal mode vibrations to identify internal rotational 
modes. No species examined herein were found to exhibit internal rotation. 
The sums and densities of states for intermediate species and transition states were determined 
by exact count with a grain size of 10 cm-', maximum energy of 300,000 cm-', and the dividing 
level between the high and low energy regimes set at 2500 cm-'. Lennard-Jones parameters for 
the reactants and intermediates were taken from an empirical correlation [15]. Argon was 
chosen as the bath gas collider. The collisional energy transfer was treated by the exponential- 
down model with (AEdown) = 260 cm-' based on the data of Hippler et al. [16]. 
MultiWell simulations were performed for temperatures ranging from 1500 to 2500 K and 
pressures ranging from 0.1 to 10 atm. The numerical runs were carried out for reaction times 
ranging from 1 x lo-' to 1 x s. For each set of conditions, between lo6 and 10' stochastic trials 
were performed to maintain statistical error in the species fractions of less than 4%. 
3. Results and discussion 
The combined potential energy surface for the two reaction pathways is shown in Fig. 1. The 
upper, higher-energy, pathway is initiated by hydrogen atom abstraction, and the lower-energy 
pathway is initiated by hydrogen atom addition. The numbering scheme for the species is 
consistent with the previously published collision pathway [2]. The split radical dot shown on 
species 20 indicates that the species has a single delocalized unpaired electron. 
H, + 









Figure 1 : Potential energy diagram for the flip reaction calculated at the B3LYP16-31 lG(d,p) 
level of quantum theory 
Table 1 reports computed energies, comparing the results obtained with two substrates: tetracene, 
as shown in Fig. 1, and pentacene, with an additional ring added to the right-hand side of the 
molecules as they are depicted in Fig. 1. The results reported in Table 1 indicate that the critical 
barriers along both pathways, TS14-20 and TS19-19', are reduced by 7 and 5 kcal mol-', 
respectively, with the additional substrate ring. Species 14 and 20 on the addition pathway 
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became more stable by enlarging the substrate, while the energy of species 19 on the abstraction 
pathway was changed only slightly. 
Table 1 : Energetics of flip reaction (kcal mol-’ relative to reactant) 
Species Tetracene Substrate Pentacene Substrate 
16 0.0 0.0 
14 -33.2 -39.9 
14‘ -39.9 -39.9 
19 4.2 3.3 
19‘ 2.9 3.3 
20 -6.8 -10.8 
16‘ -1.6 0.0 
TS16-14 2.9 a 
TS14-20 13.5 6.3 
TS20-14’ 10.4 6.3 
T S 14’- 16’ 1.2 a 
TS16-19 9.9 a 
TS19-19’ 29.5 24.4 
T S 19’- 16’ 8.6 a 
“The quantum chemical calculations were not fully converged at the time of this 
writing. 
The optimized geometry of species 20 is shown in Fig. 2. The relatively high stability of this 
molecule with respect to other species in the reaction network was a surprising result of the DFT 
calculations. Constrained optimization and energy calculations were performed with an 
idealized planar aromatic substrate to determine the influence of a stiffer substrate on the 
energetics of this species. For these constrained calculations, the perimeter substrate carbon 
atoms labeled 1 through 11 in Fig. 2 were held fixed to the positions they have in tetracene. The 
difference in the B3LW/6-311G(d,p) single point energies of species 16 and 20 without 
geometric constraint is 12 kcal mol-’ and with constraint is 10 kcal mol-’. This small change in 
energy indicates that the reaction pathway through species 20 will remain energetically feasible 
in more constrained environments, such as on larger substrates which cannot bend as readily as 
the tetracene molecule. 
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Figure 2: Species 20 optimized at the B3LYP/6-311G(d,p) level of theory 
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Figure 4: Flip rate constants for the addition and abstraction pathways calculated with the 
quantum chemical information from the tetracene substrate system at a pressure of 1 atm. 
The results for the addition channel shown in Fig. 4 were obtained at a pressure of 1 atm. 
Calculations at 0.1 and 10 atm showed less than 4 YO difference from the 1 atm results, at the 
level of the stochastic error (see Sec. 2), indicating that the reactions are at their high-pressure 
limit. For the abstraction pathway, the overall reaction was modeled as a three step process: 
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(1) bimolecular reaction forming 19 by hydrogen abstraction from 16, (2) unimolecular 
transformation of the radical intermediate, 19 + 19', and (3) bimolecular reaction of 19' with H2 
to form 16'. The rate of the unimolecular transformation, step 2, is found to be on the order of 
101o-10 s between 1500 and 2500 K. Considering that the rate of abstraction, step 1, is on the 
order of 1012-1013 [HI cm3 mol-' s-l for the same temperature range, the abstraction step will be 
rate determining even for very large mole fractions of hydrogen atom. As a result, fast 
interconversion will create partial equilibrium between species 19 and 19'. The radical can then 
react with H2 either back to the initial species, 16, or forward to the flipped species, 16', with 
equal probability (for a symmetric substrate). Therefore, the rate for the overall flip abstraction 
pathway can be assumed to be half of the hydrogen abstraction rate. In Table 2, we compare the 
equilibrium constant and rate coefficient of the H abstraction reaction calculated in the present 
work with that of hydrogen abstraction from benzene [ 171. 
11 -1 
Table 2: Comparison of hydrogen-abstraction reactions for benzene [I 71 and species 16 (flip 
reactant) calculated by TST with quantum chemical information from the tetracene substrate 
system 
b+H2 & + H A & + . .  / / / /  / / / /  
Temperature (K) Keq k (cm3 mol-' s-l) Keq k (cm3 mol-' s-l) 
1500 1.29 1 . 9 5 ~  10l1 3.06 3 . 8 0 ~ 1 0 ~ ~  
1750 1.66 4 . 2 0 ~ 1 0 ~ ~  3.64 7 . 8 5 ~ 1 0 ~ ~  
2000 1.97 7 . 4 6 ~ 1 0 ~ ~  4.07 1 .39x1Ol3 
2250 2.23 1 . 1 7 ~ 1 0 ~ ~  4.38 2 . 2 3 ~ 1 0 ~ ~  
2500 2.44 1 .67x1Ol2 4.58 3.3 1 x1Ol3 
The total rate for the flip transformation is displayed in Fig. 5 and compared with the previously 
reported rates of graphene edge ring migration and collision reactions [2]. Inspection of results 
reported in Fig. 5 indicates that the rate of the combined flip reaction is on the same order of 
magnitude and faster than those for the collision and migration reactions. This fast reaction rate 
suggests that in evolving graphene layers flipping of the complex formed by the collision 
reaction should occur frequently. 
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Figure 5: Comparison of rate constants for total flip reaction, calculated at a pressure of 1 atm, 
with rate constants for the collision and migration reactions [2]. 
4. Conclusions 
The analysis of the proposed flip reaction indicates that it occurs with rates comparable to and 
exceeding those of migration and collision reactions, and the latter suggested to play an 
important role in graphene zigzag edge chemistry in flame environments [2]. The new reaction 
adds a possibly important step in graphene layer growth, thus suggesting an even more complex 
network of elementary reaction steps than suspected earlier. 
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